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In  this  paper,  the  effect  of  the  anodic  treatment  of  carbon-supported  Pt-Ru  nanoparticles  using  a  HP 
20%  1:1  Pt-Ru  alloy  on  Vulcan  XC-72  carbon  black  on  the  CO  stripping  and  methanol  oxidation  reaction 
(MOR)  has  been  analyzed.  Thin-layer  electrodes  were  prepared  by  depositing  catalyst  inks  of  Pt-Ru/C 
and  Nation  on  glassy  carbon  (GC)  disks.  Steady-state  polarization  at  potentials  >1.00V  vs.  RHE  in  0.5  M 
H2S04  was  used  for  the  electrochemical  activation  of  the  specimen.  Cyclic  voltammetry  was  applied  for 
electrochemical  testing.  The  morphological  analysis  was  performed  by  transmission  electron  microscopy 
(TEM),  energy  dispersive  X-ray  (EDX),  selected-area  electron  diffraction  (SAED),  and  Fast  Fourier  Trans¬ 
form  (FFT).  The  present  results  showed  that  the  anodic  potential  treatment  causes  Ru  segregation  with 
some  carbon  oxidation  and  agglomeration  of  nanoparticles.  Activation  of  CO  and  methanol  oxidation 
was  found,  indicating  the  production  of  the  beneficial  hydrous  Ru  oxide,  RuOxHy,  the  promoting  species 
for  both  reactions.  For  the  MOR,  the  optimum  potential  of  anodic  treatment  was  located  at  1.40-1.60  V. 
An  apparent  double  Tafel  slope  behavior  with  values  of  120  and  200  mV  dec-1  was  obtained  after  this 
optimum  potential  treatment,  which  was  tentatively  attributed  to  the  existence  of  two  different  active 
sites  for  the  MOR. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  been  proposed  as  capable  energy  generator 
devices,  for  example  polymer  electrolyte  fuel  cells  (PEFCs),  which 
can  employ  proton-exchange  polymeric  membranes  as  electrolyte 
[1-8].  The  benefits  of  this  kind  of  energy-supply  system  consist  in  a 
low  working  temperature,  high  energy  conversion  and  energy  den¬ 
sity,  low  or  practically  insignificant  production  of  contaminating 
exhaust,  and  miniaturization  possibilities  allowing  its  incorpo¬ 
ration  in  portable  electronic  devices.  For  many  years,  hydrogen 
and  methanol,  the  latter  for  direct  methanol  fuel  cells  (DMFCs) 
[9],  have  been  used  as  fuels  with  good  results.  The  oxidation 
reactions  of  both  reagents  take  place  according  to  the  following 
reactions: 

H2  -+  2H+  +  2e_  (1) 

CH3OH  +  H20  -*  6H+  +  6e"  +  C02  (2) 

Pt  nanoparticles  supported  on  high  surface  carbon  materials 
have  been  employed  as  electrocatalysts  for  the  fuel  oxidation,  thus 
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allowing  reducing  the  loading  of  the  expensive  Pt.  Nevertheless,  the 
wide  commercialization  of  PEFCs  is  severely  limited  by  the  prob¬ 
lem  of  the  CO  poisoning  [1 0].  Thus,  the  low-cost  hydrogen  produced 
from  reforming  contains  CO  as  impurity.  In  the  case  of  the  DMFCs, 
the  alcohol  oxidation  leads  to  the  generation  of  CO  as  intermedi¬ 
ate.  This  molecule  remains  chemisorbed  on  the  surface  of  the  Pt 
nanoparticles,  thus  blocking  the  active  sites  for  the  fuel  oxidation 
and  causing  a  dramatic  efficiency  loss  of  the  fuel  cell  performance. 
To  solve  the  problem,  Pt-Ru  electrocatalysts  which  present  a  much 
better  CO  tolerance  have  been  developed.  In  this  system,  it  is  pro¬ 
posed  a  bifunctional  mechanism  in  which  the  Ru  atoms  of  the  anode 
surface  are  oxidized  to  form  hydroxylated  species  (Ru-OH)  from 
water  discharge  by  reaction  (3)  [11,12]: 

Ru  +  H20  -*  Ru-OH  +  e”  +  H+  (3) 

and  then,  the  Ru-OH  species  are  an  oxygen  source  for  the  CO  oxi¬ 
dation  from  reaction  (4): 

Ru-OH  +  Pt-CO  ->  Pt  +  Ru  +  C02  +  e"  +  H+  (4) 

An  additional  explanation  for  the  better  performance  of  Pt-Ru 
nanoparticles  is  based  on  a  weakening  of  the  Pt-CO  bond  because 
of  an  electronic  modification  by  the  incorporated  Ru  atoms  [13]. 
According  to  the  above  mechanisms,  several  researchers  have  stud¬ 
ied  the  optimum  Pt-Ru  composition  that  leads  to  the  higher  CO  and 
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methanol  oxidation  efficiency.  Thus,  considering  the  reaction  (4), 
an  equiatomic  composition  seems  to  be  the  suitable  stoichiome¬ 
try.  This  was  the  result  found  by  Arico  et  al.  in  the  case  of  DMFC 
at  130  °C  [14],  but  there  is  no  general  agreement  because  a  wide 
range  of  intermediate  Pt-Ru  ratios  have  been  reported  as  optimal, 
depending  on  the  preparation  conditions  [15-19].  These  discrep¬ 
ancies  indicate  that  the  speciation  of  Ru  in  the  electrocatalyst 
must  be  taken  into  account.  Especial  attention  has  been  focused 
on  Ru  oxides,  mainly  the  hydrous  Ru02  (RuOxHy)  [20-39].  Some 
researchers,  as  Rolison  et  al.  [32],  postulated  that  the  alloy  for¬ 
mation  is  not  needed  and  the  true  promotional  effect  is  caused 
by  the  properties  of  RuOxHy.  Although  this  oxide  is  not  active 
for  the  CO  or  methanol  oxidation  [24,29,34,35],  it  can  act  as 
a  mixed  proton/electron  conductor  [32,36]  and  can  also  work 
as  catalyst  for  the  oxygen  chemisorption,  properties  not  shown 
by  the  anhydrous  oxide  [24].  Besides,  the  favored  formation  of 
the  proton-conducting  hydroxylated  oxide  allows  a  better  fuel- 
electrocatalyst  reaction  and  the  ionomer  fraction  in  the  catalyst 
layer  can  be  reduced  [37].  Typically,  amorphous  RuOxHy  species 
appear  in  the  as-prepared  Pt-Ru/C  electrocatalyst  [20,22,29,34],  as 
indicated  by  transmission  electron  microscopy  (TEM)  and  X-ray 
diffraction  (XRD)  analyses.  Taking  into  account  such  properties,  it 
seems  that  an  intimate  contact  between  RuOxHy  and  crystalline 
Pt  nanoparticles  is  preferred  for  achieving  the  best  electrocatalytic 
properties. 

Some  authors  have  considered  the  use  of  potential  treatments, 
mainly  through  cyclic  voltammetry  (CV),  in  order  to  modify  orig¬ 
inal  Pt-Ru  electrocatalysts  through  generation  of  oxides  that  can 
improve  the  methanol  oxidation  reaction  (MOR)  [26,28].  It  is  gen¬ 
erally  accepted  that  setting  high  anodic  limits  for  the  potential  scan, 
greater  than  1.00-1. 20  V,  metallic  oxides  are  irreversibly  formed 
[31].  Ru  dissolution  has  also  been  proposed,  because  the  cyclic 
voltammogram  profiles  become  similar  to  those  of  Pt  [20,23,31], 
although  it  is  not  clear  whether  this  modification  is  caused  by  the 
Ru  loss  from  the  nanoparticle  surface  or  by  the  change  in  the  oxi¬ 
dation  state  of  the  Ru  atoms  [31].  Rose  et  al.  [33],  using  X-ray 
absorption  spectroscopy  (XAS),  found  that  Ru  species  were  not 
dissolved  after  holding  the  potential  at  1.20  V  for  3h,  thus  sug¬ 
gesting  that  the  Ru  oxides  could  be  retained  on  the  surface  of  the 
nanoparticles.  The  effect  of  the  potential  treatment  on  the  improve¬ 
ment  of  the  MOR  has  been  analyzed  by  potential  cycling  with 
high  anodic  limits  (E>1.00V).  The  best  performance  was  found 
in  the  range  1.1 0-1. 40  V,  the  MOR  enhancement  being  explained 
by  the  formation  of  RuOxHy  during  this  treatment  [26,28].  A  sim¬ 
ilar  behavior  has  been  reported  in  a  previous  work  of  our  group 
[39],  in  which  a  maximum  increase  of  180%  in  the  MOR  activ¬ 
ity  after  100  voltammetric  cycles  with  1.00  V  as  the  anodic  limit 
was  achieved.  The  modification  of  the  alloy  degree  by  activation 
has  also  been  proposed,  but  the  possible  effect  was  found  neg¬ 
ligible  [28].  In  this  case,  a  steady-state  polarization  was  used  as 
the  faster  procedure  for  carrying  out  the  electrocatalyst  activa¬ 
tion.  Nevertheless,  we  have  not  found  any  paper  in  the  literature 
employing  anodic  potential  treatments  to  activate  Pt-Ru  electro¬ 
catalysts  for  CO  oxidation.  Besides,  the  effect  of  the  potential  step 
duration  on  the  electrocatalyst  morphology  has  not  been  consid¬ 
ered. 

To  gain  a  better  understanding  of  the  phenomena  that  take  place 
during  the  potential  activation  step,  this  paper  studies  the  effect  of 
the  anodic  treatment  on  a  carbon-supported  Pt-Ru  electrocatalyst 
(Pt-Ru /C)  and  the  oxidation  of  both,  CO  and  methanol.  Steady- 
state  polarizations  at  potentials  >1.00  V  for  different  periods  were 
applied  using  the  thin-layer  electrode  technique,  in  which  small 
amounts  of  electrocatalyst  with  Nation  are  deposited  on  glassy 
carbon  (GC)  [40].  Cyclic  voltammetry  was  employed  for  the  elec¬ 
trochemical  study  of  the  modified  nanoparticles,  as  well  as  for  CO 
stripping  and  MOR  testing.  After  the  treatment,  TEM  observation, 


energy-dispersive  X-ray  (EDX)  analysis,  Fast  Fourier  Transform 
(FFT)  and  selected-area  electron  diffraction  (SAED)  were  used  for 
the  structural  characterization. 

2.  Experimental 

2.1.  Materials  and  reagents 

High  performance  (HP)  20%  1:1  Pt-Ru  alloy  on  Vulcan  XC- 
72  carbon  black  (Pt-Ru/C  electrocatalyst,  actual  analysis  giving 
19.9  wt.%  Pt-Ru)  and  HP  20%  Pt  supported  on  carbon  Vulcan 
XC-72  (Pt/C  electrocatalyst,  actual  analysis  giving  19.6  wt.%  Pt 
on  carbon),  required  for  comparative  purposes,  were  purchased 
from  E-Tek.  The  ionomer  was  a  5%  solution  of  Nation  perfluori- 
nated  ion-exchange  resin  in  a  mixture  of  aliphatic  low  molecular 
weight  alcohols  (isopropanohn-propanol  in  weight  ratio  55:45) 
and  water  (15-25  wt.%  in  the  mixture)  supplied  by  Aldrich.  GC 
disk  electrode  of  3  mm  diameter  was  provided  by  Metrohm. 
Analytical  grade  96%  H2S04  from  Merck  was  used  to  prepare 
0.5  M  H2S04  as  the  background  electrolyte  for  the  CV  and  CO 
stripping  experiments.  Besides,  analytical  grade  99.9%  methanol 
from  Panreac  was  employed  for  the  elaboration  of  the  0.5  M 
H2S04  +  1.0M  CH3OH  solution  to  carry  out  the  methanol  oxida¬ 
tion  trials.  All  solutions  were  prepared  with  high-purity  water 
obtained  with  a  Millipore  Milli-Q  system  (resistivity  >  18  cm). 
Ar  gas  was  Linde  5.0  (purity  >  99.999%),  while  CO  gas  was  Linde  3.0 
(purity  >99.9%). 

2.2.  Electrode  preparation 

Aqueous  slurries  with  5.0  mg  ml-1  electrocatalyst  were  pre¬ 
pared  by  sonicating  for  45  min  appropriate  amounts  of  Pt-Ru/C  or 
Pt/C  electrocatalyst  and  the  ionomer  solution.  The  Nation  compo¬ 
sition  in  the  catalyst  ink  was  controlled  in  order  to  obtain  in  the 
dried  inks  a  Nation  fraction  of  25-30  wt.%,  which  was  found  in  pre¬ 
vious  works  [38]  as  the  optimum  ink  composition  that  exposes  the 
highest  electroactive  surface  area.  About  2.5-3.0  pd  of  the  homoge¬ 
neous  ink  were  deposited  by  means  of  a  digital  micropipette  on  the 
surface  of  the  GC  disk  electrode,  carefully  weighting  the  deposited 
volumes  with  an  AG  245  Mettler-Toledo  analytical  balance  (accu¬ 
racy  of  ±0.01  mg).  The  prepared  electrodes  were  dried  for  24  h  in  a 
clean  dessicator  at  room  temperature  and  further,  they  were  cou¬ 
pled  to  an  Ecochemie  Autolab  RDE  to  be  used  as  working  electrodes 
of  the  electrochemical  trials.  The  final  Pt  loads  on  the  GC  surface 
were  32  ±3  [xgcnrr2.  Previously  to  the  ink  deposition,  the  GC  tip 
was  consecutively  polished  with  aluminum  oxide  pastes  of  0.3 
and  0.05  [xm  (Buehler  Micropolish  II  deagglomerated  a-alumina 
and  7-alumina,  respectively)  on  a  Buehler  PSA-backed  White  Felt 
polishing  cloth  until  achieving  a  mirror  finish,  being  rinsed  with 
Millipore  Milli-Q  water  in  an  ultrasonic  bath  between  the  polish¬ 
ing  steps.  The  GC  coverage  by  the  Pt-Ru/Nafion  ink  approached 
100%. 

2.3.  Electrochemical  measurements 

All  the  electrochemical  experiments  were  performed  with  a 
conventional  thermostated  double  wall  three-electrode  glass  cell 
from  Metrohm  of  200  ml  capacity  and  an  Ecochemie  Autolab 
PGSTAT100  potentiostat-galvanostat  with  computerized  control 
by  an  Autolab  Nova  1.4  software.  A  Pt  rod  of  3.78  cm2  apparent 
area  was  used  as  the  auxiliary  electrode  and  a  double  junction 
Ag|AgCl|KCl  (saturated)  electrode  was  employed  as  the  reference 
electrode.  All  potentials  given  in  this  work  are  referred  to  the 
reversible  hydrogen  electrode  (RHE)  in  the  working  electrolyte.  The 
electrolyte  was  firstly  deaerated  by  bubbling  Ar  for  30  min  and  fur¬ 
ther,  1 5  cyclic  voltammograms  at  1 00  mV  s_1 , 1 5  more  at  50  mV  s-1 
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and  10  more  at  20mVs_1  between  0.02  and  1.00  V  were  consec¬ 
utively  performed  under  Ar  atmosphere  at  25.0  °C.  The  recorded 
cyclic  voltammograms  were  practically  quasi-stationary  after  the 
second  cycle,  evidencing  the  stability  and  cleanness  of  the  elec¬ 
trodes. 

Anodic  potential  treatments  of  the  Pt-Ru/C  electrocatalyst  were 
made  by  steady-state  polarization  of  the  prepared  electrode  in 
an  Ar-deaerated  0.5  M  H2S04  solution  at  potentials  of  0.00-1.80  V 
within  times  of  1 -3600  s.  Nevertheless,  CO  and  methanol  oxida¬ 
tion  reactions  were  focused  in  the  high  potential  region  (E  >  1 .00  V), 
where  a  noticeable  promotional  effect  was  detected.  Cyclic  voltam¬ 
mograms  and  CO  stripping  experiments  were  conducted  at  25.0  °C 
under  Ar  atmosphere  at  20  mV  s-1 .  In  the  latter  case,  the  electrode 
was  previously  prepared  by  bubbling  CO  through  the  solution  for  at 
least  1 5  min  and  keeping  the  electrode  potential  at  0.01  V  to  assure 
the  complete  adsorption  of  CO  on  its  surface.  The  CO  remaining  in 
the  electrolyte  was  further  removed  by  Ar  bubbling  for  30  min.  For 
the  anodically  treated  specimens,  their  activation  was  carried  out 
after  a  first  CO  stripping  experiment.  Later,  a  second  CO  trial  was 
conducted  in  the  same  electrolyte  following  the  above  methodol¬ 
ogy. 

The  methanol  oxidation  reactions  in  the  different  anodi¬ 
cally  treated  Pt-Ru/C  electrocatalysts  were  studied  in  a  0.5  M 
H2S04  + 1 .0  M  CH3OH  solution,  which  was  previously  deaerated  by 
sparging  Ar  for  30  min  and  an  Ar  flow  was  kept  over  it  during  the 
potential  cycling.  Cyclic  voltammograms  between  0.00  and  0.65  V 
at  20mVs_1  and  25.0  °C  were  recorded  in  the  acidic  methanol 
solution.  After  a  first  experiment,  the  electrode  was  washed  with 
Millipore  Milli-Q  water,  dried  and  transferred  to  a  cell  contain¬ 
ing  Ar-deaerated  0.5  M  H2S04,  where  the  activation  step  took 
place.  Following  this,  the  working  electrode  was  used  again  for  the 
alcohol  oxidation  in  0.5  M  FI2S04  +  1.0M  CFI3OFI  solution.  Control 
experiments  without  anodic  potential  treatment  were  also  tested 
confirming  that  the  consecutive  use  of  an  electrode  did  not  cause 
any  loss  of  catalyst  loading. 


2.4.  Structural  analysis 

For  physical  characterization,  transmission  electron  microscopy 
(TEM),  high-resolution  TEM  (FIRTEM),  energy  dispersive  X-ray 
analysis  (EDX),  selected-area  electron  diffraction  (SAED)  and  Fast 
Fourier  Transform  (FFT)  were  employed  in  this  work.  These  tech¬ 
niques  were  performed  using  a  JEOL  JEM  2100  TEM  200  kV 
microscope,  which  allowed  obtaining  the  corresponding  images 
and  the  EDX  spectra  as  well  as  the  electron  diffraction  pattern.  FFT 
algorithm  was  applied  to  the  FIRTEM  images.  For  these  analyses,  the 
HP  20%  1:1  Pt-Ru/C  Vulcan  XC-72  electrocatalyst  was  supported 
on  a  GC  electrode  and  anodically  treated  as  described  above.  After 
the  activation  process,  the  electrode  was  extracted,  washed  with 
Millipore  Milli-Q  water,  dried,  and  placed  in  a  vial  with  0.5-1. 0  ml 
of  n- hexane  covered  with  parafilm,  which  was  introduced  in  an 
ultrasonic  bath  for  10  min  to  release  the  electrocatalyst  from  the 
GC  surface.  Then,  the  remaining  suspension  was  stirred  for  other 
10  min  and  a  drop  of  it  was  placed  over  a  holley-carbon  copper 
grid  (400  mesh),  being  its  solvent  evaporated  using  a  40  W  lamp 
for  1 5  min.  TEM  and  HRTEM  images  were  recorded  with  a  Gatan 
MultiScan  794  CCD  (charge-coupled  device)  camera.  A  Gatan  Dig¬ 
ital  Micrograph  3.7.0  software  was  used  for  the  digital  treatment 
of  images  and  SAED  analysis.  Crystallographic  data  obtained  from 
electron  diffraction  pattern  were  contrasted  with  a  CaRIne  Cristal- 
lography  3.1  software  and  a  PCPDFWIN  2.3  database.  The  Oxford 
INCAEnergy  software  was  applied  to  the  EDX  spectra  for  the  quan¬ 
titative  analysis  of  the  material. 

X-ray  photoelectron  spectroscopy  (XPS)  experiments  for  the 
anodically  treated  Pt-Ru/C  electrocatalysts  were  performed  using 
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Fig.  1.  Cyclic  voltammograms  recorded  for  the  HP  20%  1:1  Pt-Ru/C  Vulcan  XC-72 
electrocatalyst  anodically  treated  in  0.5  M  H2  SO4  at  20  mV  s_1  and  25.0  °C.  In  plot  (a), 
the  electrocatalyst  was  anodically  treated  during  1800  s  at  (b)  1.00  V,  (c)  1.20  V,  (d) 
1.40  V  and  (e)  1.60  V.  The  polarization  curve  corresponding  to  (a)  the  untreated  HP 
20%  1 : 1  Pt-Ru/C  Vulcan  XC-72  electrocatalyst  is  also  displayed.  In  plot  (b),  the  results 
for  the  anodic  treatment  of  the  electrocatalyst  at  1.40  V  for  (b)  1  s,  (c)  10  s,  (d)  100  s, 
(e)  300  s  and  (f)  1800  s  are  displayed,  as  well  as  the  corresponding  to  the  untreated 
HP  20%  1:1  Pt-Ru/C  Vulcan  XC-72  electrocatalyst.  Catalyst  ink  with  30  iJLgPtcm-2 
and  Nafion  30wt.%. 

a  Physical  Electronics  PHI  5500  Multitechnique  System  spectrom¬ 
eter  with  a  monochromatic  X-ray  source  (Aluminium-Ka  line  of 
1486.6  eV  energy  and  350  W).  This  X-ray  source  was  placed  per¬ 
pendicularly  to  the  analyzer  axis  and  calibrated  using  the  Is  line  of 
the  C  region  located  at  284.6  eV.  The  analyzed  area  was  a  circle 
of  0.8  mm  diameter.  The  sample  was  deposited  from  a  suspen¬ 
sion  in  n- hexane,  following  the  same  methodology  employed  for 
the  TEM  analyses.  A  survey  spectrum  (187.5  eV  of  Pass  Energy 
and  0.8  eV/ step)  was  obtained  before  recording  the  high-resolution 
spectra  (23.5  eV  of  Pass  Energy  and  0.1  eV/step).  All  measure¬ 
ments  were  made  in  ultra  high  vacuum  chamber  pressure  between 
5.0  x  1 0-9  and  2.0  x  1 0-8  Torr.  The  XPS  spectra  were  analyzed  using 
an  Ulvac-phi  MultiPak  V8.2B  software. 

3.  Results  and  discussion 

3.1.  Cyclic  voltammetry  in  0.5  M  H2S04  after  anodic  treatment 

Fig.  la  shows  the  cyclic  voltammograms  recorded  for  the 
Pt-Ru/C  electrocatalyst  anodically  treated  at  1.00,  1.20,  1.40  and 
1.60  V  during  1800s,  whereas  Fig.  lb  presents  the  cyclic  voltam¬ 
mograms  for  the  Pt-Ru/C  electrocatalyst  after  treatment  at  1.40  V 
during  1, 10, 100,  300  and  1800  s.  The  I-E  curves  were  found  to  be 
reproducible  and  stationary  after  the  anodic  treatment  and  they 
were  not  altered  after  several  potential  scans,  thus  proving  the  sta¬ 
bility  of  the  electrocatalyst  surface  layer.  In  particular,  this  means 
that  the  formation  of  the  Ru  oxides  is  an  irreversible  process.  It 
can  be  observed  from  plots  in  Fig.  1  that  the  increase  of  the  applied 
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Fig.  2.  Variation  of  the  cathodic  peak  potential  of  the  cyclic  voltammograms  of  Fig.  1 
with:  (a)  the  applied  anodic  potential  during  1 800  s  and  (b)  the  logarithm  of  the  step 
potential  duration  (log  t)  at  1.40  V. 

potential  and  the  duration  of  the  anodic  treatment  produce  changes 
in  the  voltammogram  profile.  The  cyclic  voltammogram  shows  a 
potential  shift  toward  the  hydrogen  evolution  regions.  The  hydro¬ 
gen  underpotential  deposition  (Hupd)  region  located  in  the  range 
of  0.00-0.20  V  is  better  observed  and  the  adsorption  peaks  for 
the  monoatomic  hydrogen  adsorption/desorption  (at  0.07  V  and  at 
0.17  V  for  (1 1  0)  and  (10  0)  surfaces,  respectively  [41,42])  become 
clearly  more  visible.  Since  Ru  shows  a  very  low  activity  for  Hupd  [41  ], 
this  behavior  suggests  a  segregation  of  Ru  atoms  from  the  original 
Pt-Ru  nanoparticles  under  the  anodic  treatment,  originating  a  Pt 
enrichment  on  the  catalytic  surface.  According  to  Fig.  1,  this  segre¬ 
gation  is  favored  at  higher  applied  potentials  and  longer  treatment 
times. 

In  order  to  clarify  the  above-mentioned  Ru  segregation  process, 
the  evolution  of  the  cathodic  peak  potential  (Epc),  corresponding 
to  the  reduction  of  the  metallic  oxides  that  are  formed  during  the 
anodic  scan,  was  analyzed.  It  is  well  known  that  the  position  of 
this  peak  is  related  in  a  linear  way  with  the  composition  of  Ru  in 
the  electrocatalyst  nanoparticles  [21  ].  As  shown  in  Fig.  1 ,  the  reduc¬ 
tion  peak  appears  at  0.43  V  in  the  untreated  Pt-Ru/C  electrocatalyst, 
being  shifted  to  more  positive  values  when  the  anodic  potential  or 
the  duration  of  the  anodic  treatment  rose.  Fig.  2  presents  such  evo¬ 
lutions  of  Epc,  thereby  confirming  the  Ru-segregation  process.  It  is 
observed  in  Fig.  2a  that  Epc  achieves  a  plateau  of  0.56  V  when  the 
anodic  treatment  was  carried  out  at  potential  >1.40  V.  An  analogue 
trend  is  found  when  setting  the  potential  at  1 .40  V  over  300  s,  as  can 
be  seen  in  Fig.  2b.  Since  the  expected  Epc  =  0.80  V  for  the  Pt/C  elec¬ 
trocatalyst  is  not  achieved  [42],  the  above  tendencies  suggest  that 
the  Ru-segregation  is  not  complete  under  our  working  conditions. 
As  long  as  the  largest  modification  of  Epc  is  only  0.13  V,  in  contrast 
with  the  shift  of  0.37  V  corresponding  to  100%  of  the  relative  Ru 


Fig.  3.  Cyclic  voltammograms  for  CO  stripping  on  the  HP  20%  1 : 1  Pt-Ru/C  Vulcan  XC- 
72  electrocatalyst  anodically  treated  at:  (a)  the  indicated  anodic  potentials  during 
1800  s  and  (b)  1.40  V  for  the  marked  times,  in  0.5  M  H2SO4  at  20mVs_1  and  25.0  °C. 
CO  was  previously  adsorbed  during  1 5  min  at  0.01  V.  Catalyst  ink  with  30  pg  Pt  cm-2 
and  Nation  30wt.%. 

segregation,  one  can  conclude  that  the  maximum  relative  amount 
of  Ru  segregation  is  about  35%  and  that  most  of  the  Ru  atoms  still 
remain  on  the  surface  of  the  nanoparticles. 

3.2.  CO  stripping  voltammetry  after  anodic  treatment 

Cyclic  voltammograms  for  CO  stripping  experiments  performed 
on  the  Pt-Ru/C  electrocatalysts  anodically  treated  at  1 .00, 1 .20, 1 .40 
and  1.60  V  during  1800  s  are  shown  in  Fig.  3a.  The  corresponding 
voltammograms  for  different  anodic  treatment  times  (1,  10,  100, 
300,  and  1800  s)  at  1.40  V  are  also  displayed  in  Fig.  3b.  Both  figures 
denote  that  the  anodic  potential  process  modifies  the  CO  oxidation 
activity  of  the  electrocatalyst.  To  analyze  the  changes  observed  in 
the  above  trials,  the  electrochemically  active  surface  area  of  the 
nanoparticles  (ECSA)  was  determined.  This  was  made  by  measuring 
the  charge  of  CO  stripping  through  integration  between  0.40  and 
0.80  V,  subtracting  the  corresponding  double  layer  charge,  assum¬ 
ing  a  charge  of 420  |jiC  cm-2  for  the  oxidation  of  a  monolayer  of  CO, 
and  normalizing  by  the  initial  platinum  loading  [43]. 

The  variation  of  ECSA  ( AECSA,  in  %)  in  front  of  the  applied  poten¬ 
tial  of  the  anodic  treatment  and  the  duration  of  the  activation  step 
is  depicted  in  Fig.  4a  and  b,  respectively.  Both  plots  show  a  decrease 
of  the  active  surface  area  after  carrying  out  the  potential  treat¬ 
ment.  Fig.  4a  evidences  minor  ECSA  losses  between  1 .00  and  1 .20  V, 
but  dramatic  reductions  of  this  parameter  by  about  50%  when  the 
anodic  process  involves  potentials  between  1.20  and  1.40  V,  which 
become  smaller  again  by  rising  the  potential  at  1 .60  V.  Fig.  4b  shows 
a  monotonic  decay  from  10%  to  45%  of  the  ECSA  variation  when 
the  treatment  time  varies  from  1  to  1800  s,  thus  indicating  that  the 
duration  of  the  anodic  step  also  strongly  modifies  the  electrochem¬ 
ical  behavior  of  the  nanoparticles  at  1.40  V.  The  ECSA  reduction 
detected  for  the  CO  stripping  trials  of  Fig.  4a  and  b  could  be  related 
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Fig.  4.  Percentage  of  the  change  of  the  electrochemically  active  surface  area  vs.  (a) 
the  applied  anodic  potential  during  1 800  s  and  (b)  the  logarithm  of  the  step  potential 
duration  at  1.40  V.  Data  from  the  cyclic  voltammograms  of  Fig.  3. 


E  /V 


app 


log  (t/ s) 

Fig.  5.  Anodic  peak  potential  for  CO  stripping  in  front  of:  (a)  the  applied  anodic 
potential  during  1800  s  and  (b)  the  logarithm  of  the  step  potential  duration  at  1.4  V. 
Data  from  the  cyclic  voltammograms  of  Fig.  3. 


to  the  Ru-segregation,  since  it  is  well  known  that  CO  oxidation  can 
also  take  place  on  Ru  atoms  [34].  However,  the  trends  of  Fig.  1  indi¬ 
cate  that  the  Ru  segregation  from  the  nanoparticles  surface  is  only 
produced  in  a  fractional  quantity  and  such  loss  may  not  explain  the 
large  reduction  of  the  ECSA,  even  more  considering  that  the  final 
nanoparticles  would  exhibit  a  Pt-enriched  surface.  To  clarify  this 
point,  the  evolution  of  the  anodic  peak  potential  for  CO  stripping 
(Ep,co)  with  the  anodic  treatment  was  analyzed. 

The  corresponding  plots  for  £p  Co  vs.  the  applied  potential  and 
the  treatment  time  are  presented  in  Fig.  5a  and  b,  respectively.  The 
£p,co  change  toward  less  positive  potentials  observed  in  both  cases 
is  interpreted  as  an  enhancement  of  the  activity  for  the  CO  oxi¬ 
dation  and,  therefore,  a  better  CO  tolerance  of  the  electrocatalyst. 
As  can  be  seen  in  Fig.  5a,  minor  modifications  of  £p  Co  are  found 
when  the  anodically  treatment  is  carried  out  at  1.00-1. 20  V,  caus¬ 
ing  a  shift  of  10  mV  with  respect  the  original  CO  stripping  potential 
value.  The  main  decrease  of  the  anodic  peak  potential  is  observed 
again  when  1 .40  V  is  selected,  giving  a  similar  value  at  1 .60  V.  Fig.  5b 
illustrates  the  existence  of  a  significant  decrease  of  £p  Co  at  times 
longer  than  1 0  s  at  the  selected  potential  of  1 .40  V.  After  1 800  s,  the 
CO  stripping  potential  is  located  at  0.48  V,  50  mV  less  positive  than 
that  of  the  original  Pt-Ru/C  electrocatalyst.  This  apparent  activa¬ 
tion  disagrees  with  the  Ru-segregation  process  described  above, 
because  the  Ru  loss  would  lead  to  a  decrease  of  the  CO  oxidation 
activity  and  £p  Co  would  be  moved  toward  higher  potentials.  There¬ 
fore,  the  only  explanation  for  achieving  a  better  CO  tolerance  after 
the  anodic  treatment  is  the  generation  of  some  species  more  active 
for  the  promotion  of  CO  oxidation  that  remain  on  the  electrocat¬ 
alyst  surface.  This  species  could  be  the  hydrous  ruthenium  oxide 


RuOxHy,  which  can  also  be  involved  in  the  promotion  of  the  CO 
oxidation  as  explained  above.  The  water  discharge  on  the  RuOxHy 
sites  takes  place  according  to  the  following  reaction  [32]: 


RuOxHy  +  H20  ->  RuOx+iHy+1  +H+  +  e-  (5) 


where  RuOx+iHy+1  represents  the  hydroxylated  species  formed  on 
the  oxide,  in  a  similar  way  to  that  formed  on  Ru  atoms  in  the  origi¬ 
nal  Pt-Ru/C  electrocatalyst.  It  has  been  reported  that  RuOxHy  has  a 
better  promotional  effect  than  the  alloyed  Ru  in  Pt-Ru/C  nanopar¬ 
ticles  [32],  so  its  presence  in  the  electrocatalyst  improves  the  CO 
tolerance.  Our  electrochemical  results  then  suggest  the  segrega¬ 
tion  of  Ru  from  the  nanoparticles  to  create  the  RuOxHy  moieties. 
This  oxidation  process  starts  at  potentials  >1.00V  and  it  is  stimu¬ 
lated  by  prolonging  the  anodic  treatment.  Note  that  whereas  Pt  and 
Ru  act  as  catalysts  for  CO  oxidation,  it  has  been  reported  that  CO  is 
not  adsorbed  on  Ru  oxides  [35].  Therefore,  a  plausible  contribution 
to  the  reduction  of  ECSA  would  be  the  production  of  RuOxHy  on  the 
nanoparticles  surface,  blocking  the  active  sites  for  the  CO  oxidation. 
Another  feature  of  special  interest  is  that  the  cyclic  voltammograms 
and  CO  stripping  voltammograms  shown  in  Figs.  1  and  3,  respec¬ 
tively,  were  stationary  after  the  anodic  treatment,  indicating  that 
the  generation  of  Ru  oxides  is  an  irreversible  process  and  these 
species  are  not  further  reduced  to  regenerate  the  original  struc¬ 
ture.  The  morphological  changes  induced  by  the  anodic  treatment 
will  be  discussed  below. 
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Fig.  6.  Cyclic  voltammograms  (only  the  anodic  swept  is  shown)  for  the  methanol 
oxidation  reaction  (MOR)  on  the  HP  20%  1:1  Pt-Ru/C  Vulcan  XC-72  electrocatalyst. 
In  plot  (a),  the  electrocatalyst  was  anodically  treated  during  1800  s  at  (b)  1.20  V, 
(c)  1.40  V,  (d)  1.60  V  and  (e)  1.80  V.  The  polarization  curves  corresponding  to  the 
MOR  on  (a)  the  untreated  HP  20%  1:1  Pt-Ru/C  Vulcan  XC-72  electrocatalyst  and  (f) 
the  HP  20%  Pt/C  Vulcan  XC-72  specimen  are  also  displayed.  The  inset  panel  shows 
the  ratio  of  the  MOR  current  before  (Jo)  and  after  (Ji)  the  anodic  treatment  vs.  the 
applied  potential  for  1 800  s  at  (O)  0.45  V,  (n)  0.50  V and  ( A)  0.55  V.  In  plot  (b),  anodic 
treatment  of  the  electrocatalyst  at  1 .40  V  for  ( b )  1  s,  (c)  65  s  and  (d)  3600  s.  Results  for 
the  MOR  on  (a)  the  untreated  HP  20%  1 : 1  Pt-Ru/C  Vulcan  XC-72  electrocatalyst  and 
(f)  the  HP  20%  Pt/C  Vulcan  XC-72  specimen  are  also  presented.  The  inset  panel  shows 
the  Ji  /J0  ratio  in  front  of  log  t  at  (O)  0.45  V,  (□)  0.50  V  and  (A)  0.55  V.  Data  collected 
at  20  mV  s_1  and  25.0  °C.  Catalyst  ink  with  30  pg  Pt  cm-2  and  Nafion  30  wt.%. 

3.3.  Influence  of  anodic  treatment  in  the  methanol  oxidation 
reaction 

The  anodic  scans  of  the  cyclic  voltammograms  recorded  for 
the  MOR  on  the  electrocatalyst  without  treatment  and  anodically 
treated  at  1.00, 1.20, 1.40, 1.60,  and  1.80  V  for  1800  s  are  presented 
in  Fig.  6a.  Fig.  6b  displays  the  analogous  curves  registered  for  the 
Pt-Ru/C  specimen  as  received  and  after  anodic  treatment  at  1.40  V 
during  1,  65,  and  3600  s.  For  comparison  purposes,  both  plots  also 
show  the  voltammogram  corresponding  to  MOR  on  the  Pt/C  elec¬ 
trocatalyst.  The  onset  potential  for  the  alcohol  oxidation  is  reduced 
from  0.50  to  0.35  V  when  the  pure  Pt  and  the  alloyed  electrocat¬ 
alysts  are  compared.  This  shifting  toward  a  less  positive  potential 
is  usually  explained  by  the  bifunctional  mechanism  model,  which 
postulates  that  the  intermediate  carbonaceous  species  formed 
through  the  methanol  oxidation,  with  general  structure  CHxO,  are 
more  easily  oxidized  with  the  help  of  the  Ru  hydroxylated  species. 

The  influence  of  the  selected  potential  for  the  anodic  treat¬ 
ment  is  better  analyzed  from  the  data  of  the  inset  panel  of  Fig.  6a, 
which  presents  the  ratio  for  the  MOR  current  obtained  after  and 
before  the  anodic  treatment  (Ji  and  J0,  respectively)  in  front  of 
the  applied  potential  for  1800  s.  When  0.60  V  was  intended  as  the 
activation  potential,  no  increase  in  the  MOR  current  was  detected 
(Ji  /Jo  %  1 .00),  obtaining  a  similar  performance  to  the  corresponding 
control  experiment  (without  anodic  treatment).  Flowever,  a  clear 


promotional  effect  starts  to  happen  for  applied  potentials  >0.80  V, 
achieving  a  maximum  at  1.40-1. 60  V  (Ji/J0  =  2.5-2.7).  Note  that 
this  enhancement  is  close  to  that  obtained  in  our  previous  work 
[39]  by  potential  cycling  of  the  Pt-Ru/C  electrocatalyst  with  1.00  V 
as  anodic  limit.  Flowever,  when  a  superior  potential  of  1.80  V  is 
applied,  the  MOR  current  is  significantly  decreased.  This  trend  can 
be  explained  by  assuming  that  the  RuOxHy  generation  causes  the 
activation,  that  is,  as  in  the  case  of  the  CO  oxidation  reaction,  this 
hydrous  oxide  can  also  promote  the  MOR.  In  fact,  CO  is  involved  in 
the  alcohol  oxidation  as  key  intermediate  in  the  rate-determining 
step  of  the  reaction  pathway  [39],  so  it  is  coherent  to  assume  the 
MOR  activation  in  a  similar  way  to  that  of  the  CO  oxidation.  In  this 
series  of  experiments,  the  increase  in  the  MOR  current  suggests 
that  the  Ru  oxidation  to  form  the  RuOxHy  is  dominant  at  potentials 
>1.00  V,  similarly  to  the  trend  found  for  the  CO  oxidation  (Fig.  5b). 

The  existence  of  the  highest  performance  region  at  1.40-1.60  V 
and  the  subsequent  decrease  of  the  activity  at  superior  potentials 
can  be  explained  if  the  generation  of  the  Ru  oxide  blocks  Pt  sites 
for  the  MOR,  as  proposed  in  the  case  of  the  CO  stripping  analy¬ 
sis  of  Fig.  4.  Therefore,  a  balance  between  the  promotional  effect 
of  RuOxHy  and  the  ECSA  decrease  takes  place.  There  is  also  the 
possibility  of  the  dissolution  of  the  beneficial  Ru  oxide  at  high 
potential,  which  would  also  produce  the  diminution  of  the  alcohol 
oxidation  current.  Amorphous  Ru  oxide  has  been  reported  to  be 
more  susceptible  to  the  dissolution  than  alloyed  Ru  [20].  Besides, 
at  high  working  potentials  the  oxygen  evolution  must  be  taken  into 
account,  since  the  gas  evolution  could  cause  the  release  of  catalyst 
loading  with  the  consequent  decrease  of  the  MOR  performance. 
Therefore,  potentials  >1.60V  should  be  avoided.  In  addition,  oxi¬ 
dation  of  the  carbon  support  due  to  the  anodic  treatment  must  be 
also  considered.  According  to  PEFCs  lifetime  analysis  [44],  the  fuel 
cell  performance  decreases  with  the  oxidation  of  the  carbon  sup¬ 
port  at  high  potentials  (E>  1.00  V)  and  the  temperature  favors  this 
corrosion  process.  The  generation  of  oxygen-containing  functional 
groups  (— COOFI,  — C=0,  —OH,  etc.)  decreases  the  conductivity  of  the 
electrocatalysts  and  also  originates  a  weakening  of  the  interaction 
with  the  nanoparticles.  However,  these  effects  are  more  relevant 
when  the  anodic  treatment  is  carried  out  by  potential  cycling  [44]. 
In  the  case  of  steady-state  polarization,  as  we  have  performed  in 
this  work,  the  effects  are  smaller.  Note  that  the  oxidation  of  carbon 
to  CO2  or  CO  is  not  kinetically  favored,  but  it  can  also  be  significant 
at  high  potentials,  contributing  to  the  low  MOR  current  obtained  at 
E>  1.60  V. 

The  inset  panel  of  Fig.  6b  shows  the  gradual  increase  in  MOR 
ratio  with  prolonging  anodic  treatment  time,  as  expected  by  the 
progressive  formation  of  more  RuOxHy.  Note  that  even  with  an 
anodic  treatment  time  as  short  as  1  s  is  possible  to  achieve  an 
improvement  of  the  MOR  current  of  60-70%.  However,  no  signifi¬ 
cant  catalytic  changes  for  methanol  oxidation  were  found  for  times 
>1 800  s,  indicating  that  the  main  parameter  affecting  the  activation 
of  the  Pt-Ru/C  electrocatalyst  is  the  potential  selected  for  the  anodic 
treatment. 

Note  that  fuel  cell  voltage  is  normally  in  the  range  0.5-0.8  V  and 
the  anode  potential  depends  on  the  operating  conditions.  There¬ 
fore,  to  assure  the  formation  of  the  beneficial  RuOxHy  in  a  given 
fuel  cell  with  a  Pt-Ru  anode,  an  anodic  pretreatment  of  the  mem¬ 
brane  electrode  assembly  (MEA)  with  a  controlled  anode  potential 
could  be  necessary,  for  example  before  building  up  the  fuel  cell 
package. 

Previous  works  using  RDE  [39]  and  steady-state  polarization 
techniques  [45]  reported  that  MOR  was  not  influenced  by  mass 
transfer  in  the  present  conditions,  so  the  classical  Tafel  expression 
of  E  vs.  log  I  [46]  was  used  to  analyze  the  I-E  data  obtained  directly 
from  cyclic  voltammogram,  as  reported  elsewhere  [47].  Fig.  7a  and 
b  depicts  the  corresponding  Tafel  plots  obtained  from  Fig.  6a  and  b. 
These  plots  were  made  in  the  potential  range  under  charge-transfer 
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Fig.  7.  Apparent  Tafel  slopes  built  up  from  the  MOR  polarization  curves  of:  (a)  Fig.  6a 
and  (b)  Fig.  6b.  The  result  obtained  for  the  MOR  on  the  HP  20%  1:1  Pt-Ru/C  Vulcan 
XC-72  electrocatalyst  employing  potentiodynamic  polarization  at  1.0  mV  s-1  is  also 
presented  (curve  g  in  a)  for  comparison  purposes. 


Fig.  8.  TEM  images  showing  (a)  the  metallic  nanoparticles  on  the  carbon  surface 
and  (b)  the  formation  of  agglomerates  on  the  HP  20%  1:1  Pt-Ru/C  Vulcan  XC-72 
electrocatalyst  anodically  treated  at  1.40  V  during  1800  s. 


control  and  Tafel  slopes  of  1 20  mV  dec-1  {a  =  0.5)  and  200  mV  dec-1 
(a  =  0.3)  for  the  MOR  on  the  original  Pt/C  and  Pt-Ru/C  electro¬ 
catalysts,  respectively,  were  obtained.  Potentiostatic  polarization 
(curve  g  in  Fig.  7a)  was  also  used  in  order  to  corroborate  that  MOR 
is  not  altered  by  mass-transfer  effects  and  the  same  Tafel  slope 
of  200  mV  dec-1  was  obtained  for  the  untreated  Pt-Ru/C  electro¬ 
catalyst.  This  value  is  in  agreement  with  that  reported  by  Gasteiger 
et  al.  [  1 5],  who  found  a  Tafel  slope  of  1 80  mV  dec-1  working  at  60  °C 
for  the  MOR  on  bulk  Pt-Ru  alloys,  and  by  Martinez  et  al.  [48],  who 
reported  a  Tafel  slope  of  also  200  mV  dec-1  for  the  alcohol  oxidation 
on  the  Pt/MoW  electrocatalyst. 

According  to  Fig.  7,  for  the  anodically  treated  specimen,  two 
apparent  Tafel  slopes  were  found  when  the  anodic  treatment  was 
made  at  1 .40-1 .60  V,  also  with  values  of  1 20  and  200  mV  dec-1 ,  the 
latter  at  higher  overpotentials.  Note  that,  as  shown  in  Fig.  2,  the 
different  anodic  treatments  lead  to  different  Ru  segregation,  as  it  is 
explained  in  Section  3.1,  thus  indicating  the  formation  of  different 
Pt-Ru  oxides.  In  addition,  the  activation  of  the  methanol  oxidation 
appears  to  be  related  to  the  modification  of  the  Tafel  plots  from  one 
to  two  apparent  Tafel  lines.  Therefore,  the  presence  of  two  apparent 
Tafel  slopes  after  the  anodic  treatment  can  be  tentatively  explained 
considering  that  the  alcohol  is  oxidized  on  two  kinds  of  active  sites. 
Thus,  the  apparent  Tafel  slope  of  200  mV  dec-1  (the  same  value  as 
found  for  the  untreated  specimen)  can  be  attributed  to  the  MOR 
on  the  Pt-Ru  moieties  that  remain  on  the  electrocatalyst,  whereas 
the  apparent  Tafel  slope  of  120  mV  dec-1  could  be  caused  by  the 
methanol  oxidation  on  Pt  sites  surrounded  by  RuOxHy.  However, 
one  could  also  think  that  this  latter  apparent  Tafel  slope  is  due  to 
the  MOR  on  Pt  free  sites,  so  the  existence  of  the  hydrous  oxide  is 
not  required.  Nevertheless,  some  reasons  justify  the  presence  of 
Pt-RuOxHy  active  sites  in  the  electrocatalyst.  Firstly,  Fig.  6  illus¬ 
trates  that  the  onset  potential  for  the  MOR  does  not  change  toward 


higher  positive  values  with  the  anodic  treatment,  which  would  be 
the  logical  result  of  a  Ru  loss  from  the  electrocatalyst.  On  the  other 
hand,  the  apparent  Tafel  slope  of  120  mV  dec-1  is  better  defined 
when  the  potential  of  the  anodic  treatment  and  the  duration  of  the 
step  increase,  as  observed  in  Fig.  6a  and  b  respectively,  and  both 
situations  lead  to  a  larger  formation  of  Ru  oxide,  as  commented 
above  from  the  CO  stripping  results.  Finally,  note  that  this  appar¬ 
ent  Tafel  slope  appears  at  a  lower  overpotential  region  than  that  of 
the  MOR  on  the  original  Pt-Ru/C  sites.  This  suggests  the  formation 
of  a  new  kind  of  catalytic  surface  involving  a  species  more  active 
for  the  MOR  than  the  Ru  atoms,  as  it  is  the  case  of  the  RuOxHy.  It 
is  also  of  special  interest  that  the  double-Tafel  region  practically 
disappears  when  the  anodic  potential  of  1.80  V  is  applied  (curve  e 
in  Fig.  7a),  showing  only  the  characteristic  value  of  200  mV  dec-1. 
This  behavior  matches  with  the  observed  decrease  in  the  MOR  cur¬ 
rent  at  this  selected  potential  in  Fig.  6a.  Thus,  the  suppression  of 
the  apparent  Tafel  slope  of  120  mV  dec-1  appears  to  be  related  to 
the  partial  loss  of  the  RuOxHy  moieties  by  Ru  dissolution  at  high 
applied  potentials. 

However,  although  the  experimental  data  support  the  model  of 
two  different  active  sites  for  the  MOR,  alternative  explanations  to 
the  proposed  one  for  the  existence  of  two  apparent  Tafel  regions 
are  also  plausible,  such  as  the  change  of  the  coverage  conditions  of 
the  species  involved  in  the  alcohol  oxidation  (methanol  residues, 
hydroxylated  species,  etc.),  the  modification  of  the  reaction  mecha¬ 
nism  or  the  existence  of  a  potential  dependence  for  the  Tafel  slope. 

3.4.  Structural  analyses 

The  morphological  study  of  the  anodically  treated  Pt-Ru/C 
electrocatalyst  was  carried  out  using  TEM.  The  analysis  was 
focused  in  the  specimen  treated  at  1.40  V  during  1800  s,  which 
presents  the  best  performance  for  the  methanol  oxidation.  Its 
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Fig.  9.  (a)  HRTEM  image  for  HP  20%  1:1  Pt-Ru/C  Vulcan  XC-72  electrocatalyst  anodically  treated  at  1.40  V  during  1800  s  and  (b)  FFT  obtained  for  the  analysis  of  the  marked 
nanoparticle,  (c)  HRTEM  image  highlighting  two  areas  where  FFT  is  applied  revealing:  (d)  no  signals  (amorphous  structure,  dotted  line  region)  and  (e)  crystalline  Pt  planes 
(solid  line  region). 


characteristic  TEM  images  are  shown  in  Fig.  8a,  while  an  example 
of  the  agglomeration  of  metallic  nanoparticles,  also  found  in  the 
sample,  is  depicted  in  Fig.  8b.  The  morphology  exhibited  in  Fig.  8a 
is  similar  to  that  described  for  the  untreated  Pt-Ru/C  electrocata¬ 
lyst  [49],  showing  a  good  dispersion  of  the  nanoparticles.  However, 
the  presence  of  metallic  agglomerates  after  the  potential  step  was 
observed  (Fig.  8b).  It  can  then  be  suggested  that  the  anodic  treat¬ 
ment  produces  a  loss  of  contact  between  the  nanoparticles  and  the 
carbon  surface,  so  most  of  them  are  released  and  become  aggre¬ 
gated.  Note  that  this  agglomeration  would  also  contribute  to  the 
reduction  of  the  ECSA  that  was  detected  in  the  CO  stripping  exper¬ 
iments.  As  long  as  AECSA  is  due  to  segregation  and  agglomeration, 
the  AECSA  value  at  1.4  V  after  300  s,  shown  in  Fig.  4b,  has  not 
to  be  necessarily  coincident  with  that  value  after  1800  s,  in  spite 
of  similar  Pt:Ru  ratio  for  both  potential  step  durations  (Fig.  2b). 
Moreover,  the  long-term  operation  experiments  could  be  compa¬ 
rable  to  the  fuel  cell  performance  after  a  continued  working  period, 
which  is  known  that  produces  the  agglomeration  of  the  electro¬ 
catalyst  components  [20].  The  morphology  exhibited  in  Fig.  8  is 
also  in  agreement  with  the  results  reported  by  PEFCs  analysis  after 
performance  at  oxidizing  conditions  [44],  where  the  weakening  of 
the  nanoparticles-carbon  support  bond  was  also  detected.  Other 
possible  contributions  to  this  morphology  such  as  the  ultrasonic 
treatment  made  for  the  sample  preparation  can  be  discarded,  since 
no  agglomerates  were  detected  in  control  experiments  with  the 
untreated  electrocatalyst  following  the  same  procedure.  In  conclu¬ 
sion,  the  main  factor  yielding  to  the  observed  structure  must  be  the 
anodic  treatment. 

EDX  analyses  were  made  to  determine  the  elemental  composi¬ 
tion  of  the  above  anodically  treated  specimen  at  1.40  V.  According 


to  the  relation  of  the  peak  areas  of  the  elements  in  the  EDX  analyses 
before  and  after  the  anodic  treatment,  no  Pt  losses  were  detected, 
whereas  the  Pt:Ru  atomic  ratio  slightly  changed  to  54:46.  This  ratio 
is  quite  close  to  the  original  composition  (50:50,  also  proved  by 
EDX),  indicating  that  the  anodic  treatment  at  1.40  V  produces  only 
a  minimum  Ru  loss  and  most  of  the  metal  is  still  present,  proba¬ 
bly  as  hydrous  Ru  oxide,  as  previously  proposed  [33].  On  the  other 
hand,  these  results  indicate  that  the  overall  metal  loading  after  the 
anodic  treatment  was  close  to  the  original  metal/carbon  relation¬ 
ship  provided  by  the  company. 

The  FFT  algorithm  was  employed  in  the  elucidation  of  the  crys¬ 
talline  phases  formed  in  the  electrocatalyst.  Fig.  9a  and  b  shows 
a  high-resolution  TEM  image  of  a  metallic  nanoparticle  and  the 
corresponding  FFT  applied  to  the  selected  region,  respectively.  The 
interplanar  distance  of  0.22  nm  is  attributed  to  the  Pt  face  cubic 
centered  (FCC)  unit  cell,  which  also  contains  part  of  the  Ru  atoms. 
This  structure  was  the  only  crystallographic  phase  found  using 
this  methodology,  indicating  that  the  Pt-Ru  alloy  is  still  the  main 
ordered  phase  in  the  electrocatalyst.  This  result  is  in  agreement 
with  the  FFT  results  obtained  for  the  untreated  Pt-Ru/C  specimen 
[49],  in  which  the  Pt  crystalline  structure  of  the  nanoparticles  was 
dominant  (Pt304  and  Pt02  were  also  detected  in  a  minor  level).  On 
the  other  hand,  Fig.  9c  shows  that  some  of  the  crystalline  nanoparti¬ 
cles  seem  to  be  surrounded  by  amorphous  material.  The  FFT  results 
corresponding  to  the  marked  regions  are  shown  in  Fig.  9d  and  e. 
Again,  typical  interplanar  distances  for  Pt  cell  are  obtained.  The 
nature  of  the  amorphous  structure  cannot  be  fully  understood 
only  by  TEM,  but  it  most  probably  contains  amorphous  RuOxHy. 
In  fact,  the  existence  of  amorphous  material  containing  RuOxHy 
was  previously  found  by  the  authors  in  the  same  untreated  Pt-Ru/C 


314 


A.  Velazquez-Palenzuela  et  al.  /  Journal  of  Power  Sources  208  (2012)  306-315 


I  L  ^  I 

0  5  10  15  20 

( fl  /  nm’1 


Fig.  10.  (a)  Selected-area  electron  diffraction  (SAED)  of  a  representative  region  of 
the  HP  20%  1:1  Pt-Ru/C  Vulcan  XC-72  electrocatalyst  anodically  treated  at  1.40  V 
during  1800  s.  (b)  Diffraction  intensity  profile  with  signals  attributed  to  (a  and  c) 
Pt/Ru  oxides  and  ( b  and  d)  Pt. 


electrocatalyst  using  TEM,  XRD,  and  XPS  [38].  According  to  the  elec¬ 
trochemical  data,  this  amorphous  phase  should  correspond  to  the 
metallic  oxides  that  are  generated  through  the  anodic  treatment, 
including  the  beneficial  RuOxHy .  As  it  is  observed,  this  structure  is  in 
close  contact  with  the  crystalline  nanoparticles  and  hence,  it  is  the 
configuration  that  would  cause  the  improvement  of  the  CO  and  the 
methanol  oxidations  and  also  the  reduction  of  the  ECSA.  A  similar 
framework  has  been  previously  suggested  from  TEM  observations 
[22,34]  and  XRD  data  interpretation  [20,29]. 

SAED  was  finally  used  to  complete  the  structural  study  of  the 
anodically  treated  electrocatalyst.  Fig.  10a  shows  the  characteris¬ 
tic  diffraction  signals  of  the  present  species.  To  clarify  the  different 
contributions  to  this  diffractogram,  the  diffraction  intensity  pro¬ 
file  was  built  and  presented  in  Fig.  10b.  The  interplanar  distances 
b  (0.22  nm)  and  d  (0.12  nm)  can  be  attributed  to  the  presence  of 
metallic  Pt,  as  confirmed  by  FFT  analysis,  corresponding  to  the 
(1 1  l)and(l  1  3)  planes,  respectively.  In  the  case  of  the  signals  a  and 
c,  the  interpretation  is  not  trivial.  Thus,  in  the  case  of  the  interpla¬ 
nar  distance  a  (0.25  nm),  this  value  is  well-matched  with  the  planes 
(101)  and  (01 1)  of  Pt02,  (210)  of  Pt304  and  (101)  of  Ru02.  For 
the  interplanar  distance  c  (0.1 5  nm),  the  planes  (3  2  0)  and  (321) 
of  Pt304  and  (2  2  0)  of  Ru02  could  be  associated.  These  findings 
confirm  that  metallic  oxides  exist  on  the  anodically  treated  elec¬ 
trocatalyst.  Note  that  the  SAED  pattern  for  the  untreated  Pt-Ru/C 
electrocatalyst  also  revealed  diffraction  signals  attributed  to  Pt02 
and  Pt304  species,  as  we  reported  in  our  previous  work  [49],  so  a 
combination  of  original  and  produced  metallic  oxides  explain  the 
observed  diffraction  pattern.  On  the  other  hand,  the  most  intense 


diffraction  signal  for  the  Ru02  phase  should  correspond  to  the 
planes  (110)  with  an  interplanar  distance  of  0.32  nm,  which  was 
observed  as  a  very  weak  signal  in  the  position  e  of  Fig.  1 0b,  suggest¬ 
ing  that  this  oxide  is  present  mainly  with  an  amorphous  structure. 
Note  that  its  hydrated  form  is  the  beneficial  RuOxHy.  The  proposed 
morphology  from  SAED  analysis  of  Fig.  10  matches  with  the  frame¬ 
work  exhibited  in  the  TEM  image  of  Fig.  9c. 

Although  all  these  techniques  together  with  the  electrochemical 
experiments  were  found  to  be  suitable  tools  for  accurately  inter¬ 
preting  the  structural  changes  produced,  we  tried  to  confirm  by 
XPS  the  formation  of  additional  RuOxHy  during  the  anodic  treat¬ 
ment  (already  present  in  the  untreated  specimen  [38]).  However, 
the  amount  of  catalyst  collected  from  the  electrode  was  too  small 
and  no  peaks  were  distinguishable  from  the  background  signal,  nei¬ 
ther  in  the  Ru  region,  nor  in  the  Pt  region.  For  this  reason,  further 
experiments  involving  more  amounts  of  catalyst  and  different  tech¬ 
niques  are  planned  to  determine  the  quantity  of  additional  RuOxHy 
formed  during  the  anodic  treatment. 


4.  Conclusions 

A  Pt-Ru/C  electrocatalyst  was  submitted  to  anodic  treatment 
using  steady-state  polarizations  at  potentials  over  1.0  V  vs.  RHE 
with  different  step  durations.  Cyclic  voltammograms  in  0.5  M 
H2S04  showed  an  evolution  of  the  Hupd  region  toward  a  Pt  profile, 
thus  suggesting  some  kind  of  Ru  segregation  during  the  treat¬ 
ment.  The  analysis  of  the  cathodic  peak  potential  corresponding 
to  the  reduction  of  metallic  oxides  indicated  that  this  segregation 
was  incomplete.  Stripping  experiments  revealed  that  the  oxidation 
potential  of  CO  was  moved  toward  lower  values  after  the  anodic 
potential  step,  thus  indicating  an  activation  of  the  electrocatalyst. 
The  simultaneous  reduction  of  the  ECSA  was  assigned  to  the  for¬ 
mation  of  Pt/Ru  oxides  on  the  nanoparticles  surface,  inactive  for 
CO  oxidation  and  to  some  carbon  oxidation  with  agglomeration 
of  nanoparticles.  By  comparing  the  electrocatalyst  performance  for 
methanol  oxidation  before  and  after  the  anodic  treatment,  the  opti¬ 
mum  potential  range  was  found  to  be  in  the  range  1 .40-1 .60  V,  with 
an  increase  in  the  MOR  current  of  about  2. 5-2.7  times  the  initial 
one.  The  activation  of  CO  oxidation  and  MOR  was  explained  by  the 
generation  of  the  RuOxHy  active  species. 

The  kinetic  analysis  of  the  alcohol  oxidation  in  the  anodically 
activated  electrocatalyst  showed  two  apparent  Tafel  slopes,  with 
values  of  120  and  200  mV  dec-1,  the  latter  for  the  highest  overpo¬ 
tential  region.  This  was  explained  by  the  existence  of  two  kinds  of 
active  sites  for  the  MOR,  related  both  to  the  remaining  Pt-Ru  sites 
and  the  generated  Pt-RuOxHy  moieties. 

The  anodic  treatment  at  1.80  V  produced  a  dramatic  decrease 
in  the  MOR  performance,  which  was  attributed  to  the  dissolution 
of  the  RuOxHy  moieties  together  with  a  loss  in  the  catalyst  loading 
because  of  the  intense  oxygen  evolution  at  this  potential  and  the 
carbon  oxidation. 

The  TEM  study  after  the  anodic  treatment  revealed  that  the 
potential  step  causes  some  nanoparticle  agglomeration.  The  EDX 
analyses  showed  a  minimum  Ru  loss  in  the  case  of  the  best  anod¬ 
ically  treated  electrocatalyst  for  methanol  oxidation,  the  Pt:Ru 
ratio  remaining  close  to  the  original  relationship.  FFT  analyses 
revealed  Pt  FCC  as  the  main  crystallographic  phase  in  the  electro¬ 
catalyst  and  some  amorphous  structures,  assigned  to  Pt/Ru  oxides 
including  RuOxHy,  formed  during  anodic  treatment,  near  the  crys¬ 
talline  nanoparticles.  The  SAED  technique  allowed  confirming  the 
existence  of  Pt  as  the  main  crystallographic  structure,  although 
diffraction  signals  for  metallic  oxides  such  as  Pt02,  Pt304  or  Ru02 
were  also  detected.  All  these  results  suggest  that  an  anodic  pretreat¬ 
ment  of  the  membrane  electrode  assembly  (MEA)  with  a  Pt-Ru/C 
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electrocatalyst  before  building  the  fuel  cell  package  will  improve 
its  performance. 
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